In plants, the R2R3-MYB gene family contains many pairs of paralogous genes, which play the diverse roles in developmental processes and environmental responses. The paper reports the characterization of 81 pairs of Populus R2R3-MYB genes. Chromosome placement, phylogenetic, and motif structure analyses showed that these gene pairs resulted from multiple types of gene duplications and had five different gene fates. Tissue expression patterns revealed that most duplicated genes were specifically expressed in the tissues examined. qRT-PCR confirmed that nine pairs were highly expressed in xylem, of which three pairs (PdMYB10/128, PdMYB90/167, and PdMYB92/125) were further functionally characterized. The six PdMYBs were localized to the nucleus and had transcriptional activities in yeast. The heterologous expression of PdMYB10 and 128 in Arabidopsis increased stem fibre cell-wall thickness and delayed flowering. In contrast, overexpression of PdMYB90, 167, 92, and 125 in Arabidopsis decreased stem fibre and vessel cell-wall thickness and promoted flowering. Cellulose, xylose, and lignin contents were changed in overexpression plants. The expression levels of several genes involved in secondary wall formation and flowering were affected by the overexpression of the six PdMYBs in Arabidopsis. This study addresses the diversity of gene duplications in Populus R2R3-MYBs and the roles of these six genes in secondary wall formation and flowering control.
Introduction
The MYB transcription factors are at least one billion years old and are widely distributed in eukaryotes (Lipsick, 1996) . They are characterized by the presence of a highly conserved MYB domain that consists of 1-4 imperfect MYB repeats located near the N-terminus. In plants, most MYB proteins contain the two-repeat R2R3-MYB domain and belong to the R2R3-MYB family (Martin and Paz-Ares, 1997) . To date, R2R3-MYB genes have been identified in multiple plant species, including Arabidopsis (126 members, Stracke et al., 2001) , rice (84 members, Jiang et al., 2004) , poplar (192 members, Wilkins et al., 2009) , maize (157 members, Du et al., 2012) , and wheat (22 members, Zhang et al., 2012) . The extensive expansion of the Arabidopsis R2R3-MYB gene family suggests that its members play diverse roles in many physiological and biochemical processes, including control of cell morphogenesis and pattern formation (Higginson et al., 2003; Baumann et al., 2007; Tominaga et al., 2007) , regulation of primary and secondary metabolism (Teng et al., 2005; Stracke et al., 2007; Zhou et al., 2009) , participation in defence and response to various biotic and abiotic stresses (Zhao et al., 2007; Jung et al., 2008; Ramirez et al., 2011) , and hormone synthesis and signal transduction (Gocal et al., 2001; Abe et al., 2003; Cheng, 2007) .
Because of the economic importance in pulp and biofuel production, study of the woody perennial plant Populus has been intensive for many years. Compared to the largely well-characterized MYBs in Arabidopsis, only a small number of MYB proteins have been functionally characterized in Populus. These MYBs have been implicated to participate mainly in wood formation (Legay et al., 2010; McCarthy et al., 2010; Tian et al., 2013) and response to abiotic stresses (Mellway et al., 2009; Ma et al., 2013) . It is known that Populus has undergone at least three rounds of genome-wide duplication followed by multiple segmental duplication, tandem duplication, and transposition events, which in turn has produced nearly 8000 gene pairs in its genome . Since duplicated genes may develop non-, sub-, or neofunctions after gene duplication and may contribute to some of the evolutionary innovations in plants (Riechmann et al., 2000) , it is of interest to characterize R2R3-MYB gene pairs in Populus.
This study identified 81 pairs of paralogous R2R3-MYB genes in Populus and comprehensively characterized their gene duplication types and evolutionary outcomes based on their chromosome placement and motif structures. This work also shows the roles of PdMYB10/128, PdMYB90/167, and PdMYB92/125 in secondary wall formation and flowering in transgenic Arabidopsis. The results provide valuable information for further exploration of the functions of these gene pairs in poplar.
Materials and methods

Identification of Populus R2R3-MYB gene pairs
The Populus trichocarpa genome database (version 3.0, http://www. phytozome.net/poplar.php) was searched to identify R2R3-MYB domain-containing proteins, using the Basic Local Alignment Search Tool algorithms BLASTP and TBLASTN with known R2R3-MYB proteins as query sequences and with E-value cut off set as 1e-005. The obtained genes were verified by the Hidden Markov Model of Pfam (http://pfam.sanger.ac.uk/search) and further compared with 192 R2R3-MYB genes from Wilkins et al. (2009) .
Gene pairs were determined by aligning and phylogenetically analysing 194 full-length R2R3-MYB proteins. Multiple sequence alignment was conducted using ClustalX version 1.83 (Thompson et al., 1997) and a phylogenetic tree was generated using MEGA version 4.0 (Tamura et al., 2007) with the neighbour-joining method (Saitou and Nei, 1987) . Bootstrap analysis with 1000 replicates was used to evaluate the significance of the nodes. Pairwise gap deletion mode was used to ensure that the divergent C-terminal residues could contribute to the topology of the neighbour-joining method tree.
Sequence properties and chromosomal location
The exon/intron organization was analysed using Gene Structure Display Server . Protein motifs were identified using MEME version 4.9.1 (Bailey et al., 2006) with the following parameter settings: distribution of motifs, 0 or 1 per sequence; maximum number of finds, 100; minimum width of motif, 6; maximum width of motif, 300. Only motifs with an e-value ≤1e-10 were kept for further analysis. The MAST program (Bailey and Gribskov, 1998 ) was used to search detected motifs in protein databases. The synonymous substitution rate (k s ) and the nonsynonymous substitution rate (k a ) were calculated following the method of Goldman and Yang (1994) .
Homologous chromosome segments resulting from whole-genome duplication events were identified as described previously . Tandem gene duplications were identified according to criteria in TIGR Rice Genome Annotation (http://compbio.dfci. harvard.edu/tgi/). Genes separated by five or fewer gene loci in the range of 100 kb were considered to be tandem duplicates.
Gene expression
The expression analysis of Populus MYB genes was performed based on genome-wide microarray data from the NCBI Gene Expression Omnibus obtained with accession number GSE13990. The expression data were gene-wise normalized based on Pearson coefficients with average linkage using Genesis version 1.75 (Sturn et al., 2002) .
Quantitative real-time PCR (qRT-PCR) was used to examine the expression levels of PdMYB genes in different poplar tissues and transgenic Arabidopsis. For tissue-specific expression analysis, roots, leaves, shoots, cortex, xylem, and phloem (including the cambial zones) were sampled from 1.5-m-high poplar (Populus deltoides cv. nanlin895) grown in a glasshouse. Total RNA was isolated from poplar and Arabidopsis as described previously (Chai et al., 2012) , treated with DNase I (Sigma), and used for synthesis of first-strand cDNA with a Supermo III reverse transcriptase kit (Bioteke, China). qRT-PCR was conducted on a LightCycler 480 Detection System (Roche) using SYBR Green Realtime PCR Master Mix (TOYOBA), according to the manufacturers' instructions. Gene-specific primers (Supplementary Table S3 available at JXB online) were designed using Beacon Designer version 7.0 (Premier Biosoft International) and confirmed by melting-curve analysis. Baseline and threshold cycles (Ct) were determined by the 2nd maximum derivative method using LightCycler 480 software (release 1.5.0). Quantification of gene expression relative to reference genes (PtUBQ BU879229 and ACTIN2 At3g18780) was determined using the 2 -ΔCT method (Pfaffl, 2001) . The data shown are means of three biological replicates.
Semi-quantitative RT-PCR was used to detect the expression of PdMYBs in wild-type and overexpressing Arabidopsis plants. ACTIN2 was used as an internal control. Various PCR cycles were performed to determine the linear range of amplification for each gene. At least three biological replications were used in each experiment.
Subcellular localization and transcriptional activation analysis
Subcellular localization of PdMYB proteins was examined using the tobacco leaf transient expression system (Sparkes et al. 2006) . Full-length PdMYB cDNA was separately amplified from stems of P. deltoides cv. nanlin895 using the corresponding primers (Supplementary Table S3 ) and ligated between the CaMV 35S promoter and the 35S terminator in pK7FWG2 (Invitrogen). The resulting constructs encoded fusion proteins with PdMYBs located at the N-terminus and GFP at the C-terminus. After a 3-d postinfiltration period, transfected leaves were examined for green fluorescence signal using an FluoView FV1000 confocal microscope equipped with 488-nm argon laser (Olympus). Images were processed using Photoshop version 7.0 (Adobe).
For transcriptional activation analysis, full-length PdMYB cDNA was individually fused in frame with the GAL4 DNA-binding domain in pGBKT7 (Clontech). The recombinant vectors and the pGBKT7 empty vector (control) were transferred into Saccharomyces cerevisiae AH109 using the lithium acetate method. The transformed strains were cultured on minimal medium (Clotech) without His or Trp and the transactivation activity of each protein was evaluated according to growth status and α-galactosidase activity.
Vector construction and plant transformation
PdMYB overexpression constructs were created by ligating fulllength cDNA downstream of the 35S promoter in pK2GW7 (Invitrogen). Wild-type Arabidopsis plants (Col-0) were used to produce the transgenic plants. T 1 transgenic seedlings were selected on MS medium containing 50 mg l -1 kanamycin and further confirmed by RT-PCR. Phenotypic characterization was performed on homozygous T 3 overexpressing plants with a single T-DNA insertion locus, as estimated by Mendelian segregation of kanamycin resistance.
Microscopy and histochemistry
Six-week-old Arabidopsis inflorescence stems were cut 0.5 cm above the base and fixed with 2.5% glutaraldehyde in phosphate buffer (pH 7.2) at room temperature for 6 h. After rinsing three times with intervals of 30 min, the material was fixed by 1% osmic acid for 1 h and subsequently washed twice in 1× phosphate-buffered saline for 15 min, dehydrated by series concentrations of acetone, and embedded in resin (SPI-Chem). For light microscopy (Olympus DX51), 1-μm-thick sections were cut with a EM UC6 microtome (Leica) and stained with toluidine blue-O (1%, w/v). For transmission electron microscopy (Hitachi H-7650), 70-nm-thick sections were cut. Wall thickness was measured in metaxylem vessels and in the interfascicular fibres next to the endodermis using SmileView (JEOL, Tokyo, Japan). For each construct, at least three transgenic plants with the most severe phenotypes were examined.
Cell-wall composition assay
Inflorescence stems were collected from 6-week-old Arabidopsis plants and ground into a fine powder in liquid nitrogen. Cell-wall alcohol-insoluble residues (AIRs) were prepared by treating the powder sequentially with 80% ethanol, 100% ethanol, and acetone. The resulting AIRs were dried under vacuum at 60 °C overnight and used for analysis of monosaccharide composition following the procedure described by Selvendran et al. (1979) . Briefly, 3 mg AIRs was hydrolysed by trifluoroacetic acid at 120 °C for 2 h and the derivatives were analysed on a Thermo ODS-2 C18 column (4.6 × 250 mm) connected to a Waters HPLC system (2489 UV visible detector) at a wavelength at 245 nm. To determine the cellulose content (Updegraff, 1969) , acid-resistant material was treated with Updegraff reagent (acetic acid/nitric acid/water, 8:1:2, v/v) at 100 °C for 30 min and the resulting pellet was then completely hydrolysed with H 2 SO 4 (67%, v/v). The released glucose was measured using a glucose assay kit (Cayman Chemical) with a dehydration factor of 0.9. To determine the lignin content (Fukushima and Hatfield, 2001 ), 3 mg AIRs was solubilized with acetyl bromide solution, and then 2 M sodium hydroxide and 0.5 M hydroxylamine hydrochloride were added to stop the reaction. Absorbance at 280 nm was measured using an UC-visible spectrophotometer (VARIAN Cary 50).
Results
Identification and evolutionary analysis of Populus R2R3-MYB gene pairs
Using known R2R3-MYB protein sequences to query the recently updated Populus genome database, this work identified 194 full-length R2R3-MYB genes in Populus and manually verified their uniqueness (Supplementary Table S1 ), which covered 192 R2R3-MYB members reported by Wilkins et al. (2009) . A neighbour-joining phylogenetic tree was constructed using the 194 full-length MYB protein sequences ( Supplementary Fig. S1 ), which allowed this work to identify 81 pairs of paralogous genes at the terminal nodes (Table 1) , with the percentage of paralogous genes (83.5%) similar to those of Populus Dof (78.1%) (Yang et al., 2006) and CCCH (74.7%) (Chai et al., 2012) gene families.
Based on sequence similarity and topology, the 81 pairs of R2R3-MYB genes were divided into 21 subgroups according to clades with at least 50% bootstrap support (Fig. 1) . Within each subgroup, the motifs and exon/intron organization were relatively conserved (Table 1) , suggesting strong evolutionary relationships among subgroup members. According to Yang's hypothesis (Yang et al., 2006) , changes of duplicated genes result in six evolutionary outcomes: RR, RD, RN, DD, DN, and NN, where R represents retention (a copy retaining the original motif organization and function), D represents degeneration (a copy degenerating or losing one or more motifs and functions), and N represents neo-functionalization (a copy acquiring one or more motifs and functions). These results indicate that five types of evolutionary outcomes existed in the 81 MYB paralogues: 61 RR, nine RD, eight RN, two DD, and one NN (Table 1) . Similar motif organization in protein sequences was retained in 75% (61 RR) of the 81 pairs of paralogues, suggesting that the duplicates had similar functions. To examine the driving force for gene evolution, this study also performed nonsynonymous and synonymous substitution ratio (k a and k s ) analysis of the duplicated genes. Seventy-five of the 81 gene pairs had a k a /k s ratio <0.5 (Table 1 ), implying that most Populus R2R3-MYB gene pairs had evolved mainly under the influence of purifying selection (Hurst, 2002) .
The physical locations of 80 pairs of paralogous genes were assigned to 19 linkage groups (Fig. 2 ), while PtrMYB057 remained on an unassembled scaffold fragment. Of the 80 mapped gene pairs, 30 remained in a conserved position on 13 duplicated blocks within the 163 recently identified duplicated blocks , suggesting that they may be the result of whole-genome duplication. Four adjacent gene pairs were located within 32 kb on the duplication blocks and had high sequence similarities (>75%) with their counterpart, suggesting an origin from tandem duplication. Among the non-genome-duplicated gene pairs, 17 genes were located on duplicated segments with their counterparts not on any duplicated blocks, two counterparts of 25 paralogous pairs were located separately on divergent rather than homologous duplicated blocks, and four gene pairs were not on any duplicated blocks. It appears that diverse duplication events have contributed to the complexity of R2R3-MYB gene pairs in the Populus genome.
Expression patterns of Populus R2R3-MYB gene pairs
To examine the expression patterns of the 81 pairs of MYB genes in various tissues, a comprehensive analysis was conducted based on the Populus microarray data generated by Wilkins et al. (2009) . Thirteen MYB genes do not have corresponding probe sets in the microarray dataset, therefore only 149 genes containing 69 gene pairs were analysed (Supplementary Table S1 ). Most genes displayed tissuespecific expression patterns except for mature leaves, where all had low transcriptional levels ( Fig. 1) . Of the 149 MYBs belonged to the second category, implying similar functions of the duplicates. Identification of genes predominantly expressed in xylem from microarray data by qRT-PCR provides an important clue for their functions during wood formation in Populus. This study verified nine pairs of paralogous genes that were highly expressed in xylem. Of them, seven pairs were specifically expressed in wood-associated tissues including xylem, phloem, and cambium, and two pairs (PdMYB55/121 and PdMYB57/93) had higher expression levels in wood-associated tissues other than the tissues examined (Fig. 3) , all of which were in good agreement with the microarray profiles. These results suggest a role of these 18 MYBs in Populus wood formation.
Subcellular localization and transcriptional activation analysis of six PdMYB proteins
Of the nine gene pairs verified, PdMYB10/128 (AtMYB103 orthologues), PdMYB90/167 (AtMYB52 orthologues), and a Possible evolutionary modes of paralogues in the protein coding region after gene duplication described in Yang et al (2006) . R (retention), a copy retains the original motif organization and function; D (degeneration), a copy degenerates or loses one or more motifs and functions; N (neo-functionalization), a copy acquires one or more motifs and functions. b Gene pairs created by whole-genome duplication (W), tandem duplication (T), or other (O) events. c Gene expression patterns based on microarray data (GSE13990) were categorized into four classes: AA, duplicates were expressed in different tissues; AB, duplicates shared almost identical expression patterns with respect to the tissues examined; AC, tissues in which one duplicate was expressed included all those of the paralogous duplicate plus other tissues; AD, the sets of tissues in which duplicates were expressed overlapped; -, no data for one duplicate in the microarray. Table S2) in Populus R2R3-MYB proteins elucidated by MEME online; each box represents a motif in the protein; the length of the protein and motif can be estimated using the scale at top (this figure is available in colour at JXB online).
PdMYB92/125 (AtMYB42 orthologues) were specifically expressed in xylem and so were functionally analysed. Their subcellular localizations were first examined using a tobacco leaf transient expression system (Sparkes et al., 2006) . Fig. 4A shows that the six PdMYB:GFP fusion proteins were colocalized to DAPI-staining nuclei, indicating that these PdMYBs encode nuclear-localized proteins. To elucidate transcriptional properties, six GAL4-fulllength PdMYB fusion proteins were constructed. Fig. 4B shows that transcription of the His reporter gene was activated by the GAL4-full-length PdMYB fusion proteins, but not by the GAL4-MYB domains that cover R2R3 motifs for each PdMYB, implying that the six PdMYBs are transcriptional activators. PdMYB10, 128, 90, 167, 92, or 125 In order to gain insights into their biological roles, the six PdMYB genes were individually overexpressed under the control of the 35S promoter in wild-type Arabidopsis. At least 46 T 1 transgenic plants for each construct were generated and confirmed by RT-PCR (Fig. 5A-C) . Phenotypic analyses were carried out on homozygous T 3 plants recovered from three independent transformants with high transcriptional levels. Transgenic Arabidopsis plants overexpressing PdMYB10 and 128 displayed similar phenotypes ( Fig. 5D and E and Table 2), with shorter and thinner inflorescence stems, smaller rosette leaves, severely inward-curling leaf blades, and lower fertility compared with the wild type. These phenotypes were similar to those obtained with plants overexpressing Arabidopsis SND1 and MYB46 (Zhong et al., 2006 (Zhong et al., , 2007 . Ectopic expression of PdMYB90, 92, 167, and 125 in Arabidopsis resulted in similar phenotypes, with smaller rosette leaves and shorter and wrinkled siliques compared with the wild type ( Fig. 5D and E and Table 2 ). It is notable that plants overexpressing PdMYB90, 92, 167 , and 125 were no longer able to remain upright when they reached heights of >15 cm, possibly because of the loss of secondary walls in the stem cells (Fig. 5E) . PdMYB10, 128, 90, 167, 92, or 125 To investigate the potential roles of the six PdMYBs in secondary wall formation, the basal stems of their overexpressing Arabidopsis plants were sectioned and observed. As shown in Fig. 6 , overexpression of either duplicate of a gene pair had similar effects on secondary wall thickening in stems. PdMYB10 and 128 overexpression lines displayed a thicker secondary wall of fibre cells but not of vessel cells.
Morphological characteristics of Arabidopsis overexpressing
Stem secondary wall formation in Arabidopsis overexpressing
The cell-wall thickness of xylary fibres and interfascicular fibres was increased by at least 22 and 15%, respectively, in these overexpression lines compared with the wild type (Table 3 ). In contrast, overexpression of PdMYB90, 92, 167, or 125 in Arabidopsis caused a severe reduction in fibre and vessel cell-wall thickness. The cell-wall thickness of xylary fibres, interfascicular fibres, and vessels was decreased by at least 23, 15, and 11%, respectively, in these overexpression lines compared with the wild type (Table 3) . It is notable that PdMYB90 and 125 overexpression lines were often found , 128, 90, 167, 92 , and 125 in Arabidopsis on secondary wall thickening in stems. Cross sections of basal stems from 7-week-old wild type (A1-4) and PdMYB overexpression (B1-G4) plants; co, cortex; if, interfascicular fibre; ph, phloem; ve, vessel; xf, xylary fibre. Bar in A1 for the light micrographs, 50 μm; bar in A2 for the transmission electron micrographs, 5 μm (this figure is available in colour at JXB online).
to have partially deformed vessels, probably because of the weakening of the vessels' secondary walls ( Fig. 6D and G) . Given that the change of wall thickness may reflect differences in cell-wall composition, this work next examined the cell-wall composition of comparable tissues harvested from the stems of the six PdMYB overexpressing plants and the wild type. Compared with the wild type, the amounts of cellulose, xylose, and lignin were increased in PdMYB128 overexpression lines, but were decreased in lines overexpressing PdMYB90, 92, 125, or 167 (Table 4) . It is worthy to note in PdMYB10 overexpression lines that cellulose content was slightly increased by 18%, whereas xylose and lignin contents were indistinguishable from those of the wild type.
Together, these results demonstrate that the six PdMYBs are involved in the regulation of secondary wall formation in Arabidopsis stems. PdMYB10, 128, 90, 167, 92, or 125 Microarray analysis showed that PdMYB10, 128, 90, 167, 92 , and 125 were highly expressed in floral organs in addition to in xylem (Fig. 1) . Therefore, this study examined the effects of overexpression of the six PdMYBs in Arabidopsis on flower development (Fig. 7) . Ectopic expression of PdMYB10 or 128 led to increased rosette leaf numbers and a delay in flowering time of at least 5 days compared with the wild type ( Table 2) . Except for size, no visible morphological difference was observed in buds and open flowers between these overexpression lines and the wild type. By contrast, overexpression of PdMYB90, 92, 167, or 125 resulted in decreased rosette leaf numbers and an advance in flowering time of at least 4 days compared with the wild type (Table 2) . Furthermore, lines overexpressing PdMYB90, 92, 167, or 125 displayed smaller flowers with wrinkled petals and abnormally short sepals (Fig. 7) . Quantitative analysis indicated that the sepals of these overexpression lines grew more slowly than those of the wild type, from the budding stage to open flowers ( Fig. 7V  and W) . PdMYB10, 128, 90, 167, 92, or 125 Given that overexpression of the six PdMYBs in Arabidopsis individually led to visible alteration in stem secondary wall formation and flowering, this study used the overexpression lines to examine the expression of the related genes by qRT-PCR. Expression of three cellulose synthase genes (CESA4, CESA7, and CESA8), two xylan synthetic genes (IRX8 and IRX9), and two lignin synthetic genes (4CL1 and CCoAOMT1) was induced in PdMYB128 overexpression lines and repressed in PdMYB90, 92, 167, and 125 overexpression lines (Table 5) . By contrast, expression of CESA4, CESA7, and CESA8 was induced in PdMYB10 overexpression lines. These were in good agreement with the alteration in cellulose, xylose, and lignin contents in the overexpression plants (Table 4 ). Of five key flowering genes, the expression of GAI and LFY was repressed in PdMYB10 and 128 overexpression lines but induced in PdMYB90, 92, 167, and 125 overexpression lines (Table 5 ). In addition, expression of AP1, AP3, and PI, which are involved in sepal and petal development, was found to be upregulated in PdMYB90, 92, 167, and 125 overexpression lines.
Flowering in Arabidopsis overexpressing
Expression of secondary wall-and flower-associated genes in Arabidopsis overexpressing
Discussion
Evolution of Populus R2R3-MYB gene pairs
In plants, the R2R3-MYB gene family is one of the largest families of transcription factors and contains many pairs of paralogous genes (Martin and Paz-Ares, 1997 ). This study characterized 81 pairs of paralogous R2R3-MYB genes in Populus. Phylogenetic analysis showed these gene pairs were divided into 21 subgroups supported by bootstrap scores of >50%. Members of the same subgroups generally shared one or more identical motifs in the C-terminal region, outside the highly conserved R2R3-MYB domain, suggesting similar functions between different gene pairs. For example, in subgroup P11, PtrMYB002/021 and PtrMYB003/020 share an identical R2R3-MYB domain and motif53 and function as positive regulators of wood formation (McCarthy et al., 2010; Zhong et al., 2013) . It is possible that identical motifs are required for similar roles in wood formation. It is widely accepted that gene duplication is a primary source of genetic novelty. These results indicate that the 81 R2R3-MYB gene pairs might have resulted from multiple gene duplication events and that they have five evolutionary outcomes in their coding regions: RR, RD, RN, DD, and NN. (Zhong et al., 2008) .
Since Arabidopsis has a regulatory network for secondary wall formation similar to that of poplar trees (Zhong et al., 2013) and AtMYB103 has been shown to positively control secondary wall formation in Arabidopsis (Zhong et al., 2008) , PdMYB10 and 128 may share functions similar to that of AtMYB103 during wood formation in poplar trees. The current work also demonstrated that overexpression of PdMYB90, 92, 167, and 125 in Arabidopsis individually led to decreased secondary cell-wall thickness of vessels and fibres. These were different from their Arabidopsis orthologue AtMYB42 and AtMYB52 overexpression phenotypes (no visible alteration in secondary cell walls), but resembled those of their dominant repression plants (Zhong et al., 2008) . This cannot be explained by cosuppression, due to the stable expression of PdMYB90, 92, 167, and 125 transcripts in overexpression plants. Interestingly, a similar paradox has been observed for SND2 overexpression, where excess levels of this transcription activator has been reported to have little or an indirect repressive effect (Hussey et al., 2011) . This phenomenon could be attributed to gene dosage effects, where a stoichiometric increase in one MYB protein leads to decreased molar yield of a multiprotein complex and greater yield of incomplete intermediates (Birchler et al., 2005) . Further analysis is necessary to validate this assumption. PdMYB10, 128, 90, 167, 92 , and 125 in Arabidopsis on flowering time
Effects of overexpression of
Populus has a very long juvenile phase before flowering, which significantly differs from the annual herbaceous plant Arabidopsis. However, comparative and functional genomic research has provided evidence on the conservation of flowering-regulatory pathways between the two species (Bohlenius et al., 2006; Igasaki et al., 2008) . It is well known that four major environmental and endogenous stimuli (photoperiod, vernalization, autonomous, and gibberellin) make Arabidopsis switch from vegetative growth to flowering. Among the floral regulators, CO is mainly involved in photoperiod, FLC in vernalization, and GAI in gibberellin. FT is promoted by CO but is repressed by FLC. LFY functions as an integrater in four flowering pathways (Irish, 2010) . The current results show that ectopic expression of PdMYB10 and 128 in Arabidopsis delays flowering, whereas PdMYB90, 92, 167, and 125 overexpression in Arabidopsis promotes flowering in long-day conditions. Accordingly, expression of GAI and LFY remained largely changed, but that of CO, FLC, and FT was not altered, in their overexpression plants.
Considering that flowering is coordinately controlled by gibberellin and brassinosteroids in Arabidopsis (Domagalska et al., 2010) , that AtMYB52 and AtMYB42 are negatively regulated by DELLA (Cheng, 2007) , and that AtMYB103 is involved in brassinosteroids , the current study suggests that PdMYB10, 128, 90, 167, 92 , and 125 may participate in a gibberellin-mediated flowering pathway. Previous studies imply that flowering induction time might be associated with secondary wall formation in Arabidopsis. For instance, some major quantitative trait loci for secondary wall thickening during xylem expansion and fibre differentiation correlate tightly with a major flowering-time quantitative trait locus; furthermore, transient induction of flowering at the rosette stage promotes secondary wall thickening (Sibout et al., 2008) . A soc1 ful double mutant shows synergistically delayed flowering time and dramatically increased secondary wall thickening (Melzer et al., 2008) . The heterologous expression of Miscanthus MIWRKY12 in Arabidopsis results in an increased pith cell-wall thickness and early flowering (Yu et al., 2013) . The current study showed that overexpression of six Populus PdMYBs in Arabidopsis affected stem secondary wall thickening and flowering time, which further supports this speculation. In addition, this work demonstrated that overexpression of PdMYB90, 92, 167, and 125 in Arabidopsis led to a visible alteration in sepal and petal morphologies. Since gibberellin is known to play a key role in petal and sepal development (Cheng, 2007) , it is possible that these PdMYBs regulate petal and sepal development through gibberellin. It will be interesting to investigate the effects of these four genes on flower development in poplar trees because of the dramatic difference between flowers of Populus and Arabidopsis.
In conclusion, this paper has identified and evolutionarily analysed 81 pairs of paralogous Populus R2R3-MYB genes. Of them, nine pairs were determined by whole-genome microarray and qRT-PCR data to be highly expressed in xylem. Heterologous expression of PdMYB10, 128, 90, 167, 92, and 125 in Arabidopsis suggests potential roles in secondary wall formation and flowering in Populus. This work cannot absolutely exclude the possibilities that the six PdMYBs have different responses in Populus. Alternatively, ectopic expression of these genes may have off-target effects on these traits. However, these results provide valuable information for further studies on the roles of these genes in xylem formation and flowering of poplar trees.
